We report on spectral phase retrieval of 43 MHz, ∼100 fs, 3.3 μm pulses at energies down to 8.9 pJ by a modified interferometric field autocorrelation method. The simple setup consists of a Michelson interferometer, a 266 μm thick AgGaSe 2 crystal, and a homemade spectrometer with an InGaAs point detector, which is readily applicable to measuring a 20 fs (1.8 cycles) pulse at 3.3 μm. The feasibility is verified by comparing with the results obtained by simulation and frequency-resolved optical gating for the spectral phase modulation because of a 4 mm thick germanium plate. An excellent review about MIR pulse characterization techniques can be found in [4] . Autocorrelation and cross-correlation measurements were used in estimating the durations (50-150 fs) of MIR pulses centered at 3-20 μm wavelengths [5] , while the exact temporal shapes were unavailable. Electro-optic sampling successfully characterized the electric field of a 28 fs pulse at 8.9 μm [6]. Nevertheless, it requires a synchronized reference pulse shorter than the carrier cycle of the test field (a 10 fs reference pulse was used in [6] ).
Ultrafast technologies in the mid-infrared (MIR) are receiving increasing attention because of the applications in high harmonic generation (HHG) [1] , investigation of topological insulators [2] , and two-dimensional infrared spectroscopy [3] . It is desirable to retrieve the temporal shape of the MIR ultrashort pulse, which typically has a profound impact on the experimental results (e.g., chirped pulses are inappropriate to produce isolated attosecond burst via HHG).
An excellent review about MIR pulse characterization techniques can be found in [4] . Autocorrelation and cross-correlation measurements were used in estimating the durations (50-150 fs) of MIR pulses centered at 3-20 μm wavelengths [5] , while the exact temporal shapes were unavailable. Electro-optic sampling successfully characterized the electric field of a 28 fs pulse at 8.9 μm [6] . Nevertheless, it requires a synchronized reference pulse shorter than the carrier cycle of the test field (a 10 fs reference pulse was used in [6] ).
In the presence of a visible or near-infrared (NIR) reference pulse whose duration is not much longer than the test MIR pulse, nonlinear signal acquisition can be greatly facilitated by up-converting the MIR spectrum to the CCD-sensitive range via sum-frequency generation (SFG). In this way, cross-correlation frequency-resolved optical gating (X-FROG) [7] [8] [9] and variants of spectral interferometry for direct e-field reconstruction (SPIDER) [4, 10] characterized MIR pulses centered at 3.0-7.6 μm and of durations ranging from 13 to 300 fs. In addition to the increased complexity, these reference-assisted techniques are subject to two common problems: (1) They are not readily applicable to pulses directly produced by mode-locked oscillators [11, 12] for the lack of an inherent reference source; (2) The large group velocity mismatch (GVM) among the MIR, reference, and up-converted pulses could seriously distort the SFG spectrum [13] (thus restricting the measurable pulse width), and even the thinnest crystal and angle dithering are employed [8, 9] .
In terms of self-referenced methods, a secondharmonic-generation (SHG) FROG and a time-domain homodyne optical technique (HOT) SPIDER have been applied to measuring ∼100 fs MIR pulses at 3.2 μm and 9 μm, respectively [14, 15] . Nevertheless, a nonlinear crystal with a smaller effective nonlinear coefficient (AgGaS 2 , d eff 9.11 pm∕V) and a costly spectrometer with a built-in InGaAs detector array were employed in [14] to acquire the broadband second-harmonic spectra. Time domain HOT SPIDER is free of detector array, but remains subject to the requirement of a sufficiently broad phase-matching bandwidth. The system is further complicated by a time-consuming data acquisition process (involving three correlation traces), the insertion of a third path to generate a highly chirped reference pulse, and the employment of a chopper driven in synchronization with the test pulse train (thus difficult to measure high-repetition rate pulses) [15] .
The incomplete information shown in the previous literatures suggests that the sensitivities (defined as the peak power times average power of the minimum detectable signal sent into the setup) of the aforementioned nonlinear MIR pulse measurement techniques [4,5,7-10, 13,14] are in the order of 10 4 W 2 (1 μJ, 1 kHz, 100 fs), managing to measure pulses from mode-locked oscillators (3.8 nJ, 145 MHz, 69 fs in [11] , 3.3 nJ, 121 MHz, 180 fs in [12] ), but are insufficient to characterize the pulses obtained by intra-pulse difference frequency generation (DFG) of an ultra-broadband oscillator (used in seeding an optical parametric chirped pulse amplifier) [16] .
In this Letter, we report a high-sensitivity (3 × 10 −2 W 2 ) self-referenced noniterative MIR (3.3 μm) pulse measurement by using a modified interferometric field autocorrelation (MIFA) method. MIFA has been used in measuring ultraweak ∼400 fs pulses in the telecommunications band [17] and few-cycle pulses (7.2-8.1 fs) centered at 600 [18] and 800 nm [19] , respectively. Here we further demonstrate its great flexibility in selecting the SHG crystal and exemption from using a costly NIR (or even MIR) detector array, which are particularly attractive in measuring ultrashort ultraweak MIR pulses. Our experiments successfully retrieved a 3.3 μm, 43 MHz, ∼100 fs pulse at energies down to 8.9 pJ. The feasibility of MIR MIFA was verified by comparing it with the results arising from an SHG FROG and simulation for the spectral phase modulation because of a 4 mm thick Germanium (Ge) plate.
As elucidated in [17] [18] [19] [20] , the spectral phase function ψf can be reconstructed by acquiring two correlation (MIFA) traces S 1;2 τ because of spectral sampling at two slightly different second-harmonic frequencies, respectively. The nonlinear spectral sampling can be realized by using (1) a very thick SHG crystal with a δ-like phase-matching spectrum (provided the fundamental pulse itself is only slightly distorted by dispersion) [17, 18, 20] , or (2) a spectrometer after the SHG crystal [19] . The former scheme has a simpler configuration and better sensitivity, but needs to use two crystals [18] or tune the crystal temperature (or orientation) [17, 20] to acquire the two MIFA traces. Besides, the trade-off between narrow phase-matching bandwidth (required by MIFA) and small group delay dispersion (required by all nonlinear pulse measurement methods) could result in no adequate crystal thickness (discussed later). We chose the latter scheme in an attempt to measure MIR pulses of very different widths by the same setup. Figure 1 shows the experimental setup. The 43 MHz, 5 mW (116 pJ), 3.3 μm MIR pulse train came from DFG between two locked ultrafast Yb (1.05 μm) and Er (1.56 μm) fiber lasers in a 2 mm long periodically poled lithium niobate (PPLN) crystal [21] . It was sent into a collinear Michelson interferometer (MI) with a compensating plate (to balance the chirp introduced by the two MI arms) and fringe correction functionality (enabled by a CW laser at 1547 nm and an InGaAs photodetector PD1). The output MIR beam was sent either to a PbSe photodetector PD2 (P4639, Hamamatsu) for MIR power spectrum measurement by using the FTIR technique (thus exempt from an independent MIR spectrometer) or focused into a 266 μm thick AgGaSe 2 crystal (d eff 35.1 pm∕V, type I) for SHG. The second-harmonic beam was sent into a homemade spectrometer composed of a grating (1100 gr∕mm), a lens L3 (f 8 cm), a slit (300 μm), a TE-cooled InGaAs point photodetector PD3 (PB 4206, Teledyne Judson Technologies), and a translation stage TS2. Two MIFA traces were acquired sequentially by reading the PD3 signal via a lock-in amplifier (PCI-4462, National Instruments) with a modulation frequency of 280 Hz at two slightly different slit positions. When performing an SHG FROG (for comparison), the second-harmonic beam was directed to an optical spectrum analyzer (OSA) by a flipper mirror instead. Figure 2 shows the impacts of AgGaSe 2 crystal thickness L on the phase-matching bandwidth Δν PM (solid) and output fundamental pulse width Δt out broadened by dispersion (dashed) assuming a transform-limited (TL) input pulse with a power spectrum the same as that obtained in our experiment [ Fig. 4(g) , shaded]. For clarity, Δν PM and Δt out are normalized to the fundamental bandwidth Δν (3.28 THz) and TL pulse width Δt (84 fs), respectively. The four quantities about "width" are defined by full width at half-maximum (FWHM). It is found that Δt out 1.0003Δt (open circle) and Δν PM 2.54Δν (square) at the chosen crystal thickness (L 266 μm). In other words, our crystal is thin enough to suppress the dispersion-induced pulse broadening, but not thick enough to provide the nonlinear spectral sampling for MIFA measurement. If the crystal thickness is increased to 6.7 mm such that the phase-matching spectrum is sufficiently close to a δ-function [Δν PM 0.1Δν (diamond)], the fundamental pulse will be noticeably stretched by 19% [Δt out 1.19Δt (triangle)]. As a result, a spectrometer is essential for MIFA measurement under our working conditions, and the crystal thickness is limited only by the dispersion-induced pulse broadening. The dotted curve shows that a TL Gaussian input pulse of 20 fs width will be broadened only by 10% (filled circle) because of the dispersion of a 266 μm thick AgGaSe 2 crystal. It suggests that our current setup is readily applicable to measuring a 3.3 μm pulse down to 20 fs duration. Figure 3 illustrates the experimentally measured second-harmonic power spectrum (solid) and two spectral slices (shaded) centered at 1605 nm (Slice 1) and 1609 nm (Slice 2), respectively, (all were taken by blocking one of the two MI arms). The homemade spectrometer covers a spectral window of 1548-1695 nm and has a resolution of 1.45 nm (170 GHz) around the two slices. The slice width is only 5% of the fundamental bandwidth Δν (3.28 THz) or 2.35% of the second-harmonic bandwidth Δν SH (7.22 THz), enabling accurate MIFA measurement. On the other hand, the measured second-harmonic power spectrum (solid) is filtered by the insufficient phasematching bandwidth, for the simulated nonlinear polarization bandwidth (assuming a TL pulse with the experimentally measured fundamental power spectrum) is ∼2Δν SH . This is one of the reasons that a 200 μm thick AgGaS 2 crystal was used in [14] at the cost of lower d eff value (9.11 pm∕V versus 35.1 pm∕V of AgGaSe 2 ), and the frequency-marginal correction process [22] has to be employed in our SHG FROG experiment.
In the first experiment, we retrieved the spectral phase modulation ψ Ge f because of a 4 mm thick Ge plate by MIFA and SHG FROG. Fig. 4(g), dashed] . The same strategy was used in our SHG FROG experiment, where an OSA replaced the homemade spectrometer for data acquisition. The acquired interferometric FROG traces were processed by the standard procedures [23] and corrected by a frequency marginal method [22] . Figure 4 (e) illustrates the measured (left panel) and retrieved (right panel) FROG traces before the Ge plate, while Fig. 4(f) is the counterpart of Fig. 4(e) after the Ge plate. The FROG errors in the two measurements are 0.0025 and 0.0031. The difference between the two FROG-retrieved spectral phase functions, i.e., ψ Ge f , is displayed in Fig. 4(g) (dotted) . The spectral phase modulation functions retrieved by MIFA and FROG are in acceptable agreement with that obtained by simulation [ Fig. 4(g) , solid] using the Sellmeier equation [24] . The corresponding RMS phase errors [25] are 0.066 rad (MIFA) and 0.175 rad (FROG), respectively.
The chirp of our MIR pulse varies with the chirp rates of and relative delay between the two pulses produced by the two locked fiber lasers. Figure 5 shows the experimentally measured spectral phase ψ 1 (solid) and the corresponding temporal intensity (inset) of the shortest pulse generated by our MIR source. The retrieved pulse width is 92 fs (8.4 optical cycles), differing from the TL pulse width (84 fs) by only 10%.
To test the sensitivity of our measurement system, we gradually attenuated the MIR pulse energy for MIFA measurement. Figure 5 also shows the retrieved spectral phases ψ 2 when the pulse energies sent into the MI were 100 pJ (dashed) and 8.9 pJ (dotted), respectively. The two curves are in good agreement, although the input fundamental powers differed by a factor of 11 (secondharmonic powers differed by 126 times). The corresponding average and peak powers of the 8.9 pJ case is 383 μW and 80 W, giving a quadratic measurement sensitivity of 3.1 × 10 −2 W 2 . The number is reduced to 1.9 × 10 −3 W 2 if the pulse energy sent into the nonlinear crystal is taken into account.
In summary, we successfully measured the spectral phase of 43 MHz, ∼100 fs (8-9 cycles), 3.3 μm MIR pulses at energies down to 8.9 pJ by the self-referenced noniterative MIFA method. The feasibility is verified by comparing it with the results obtained by FROG and simulation for the spectral phase modulation because of a 4 mm thick Ge plate. To the best of our knowledge, this is the first self-referenced pulse shape measurement for a high-repetition rate (tens of megahertz), low-energy (picojoules) MIR source. The high sensitivity is attributed to the simultaneous employment of a thick SHG crystal of large nonlinear coefficient, sensitive NIR point detector, and lock-in amplifier, which is only made possible by the MIFA method. The access of a narrowband secondharmonic signal permits the use of a photodetector only sensitive to a subset of the second-harmonic spectral range, greatly facilitating the choice of photodetector in MIR pulse measurement (e.g., an InGaAs detector with 1.7 μm cut-off wavelength would not work for SHG FROG if the MIR spectral center is above 3.4 μm, while it could be applicable for MIFA). Our current setup is readily applicable to measuring 3.3 μm pulses down to 20 fs duration (limited by dispersion-induced fundamental pulse broadening because of the 266 μm thick AgGaSe 2 crystal). and spectral phase ψ 1 (solid) of a nearly TL pulse of 92 fs width (inset). The spectral phase ψ 2 of another pulse is retrieved at pulse energies of 100 pJ (dashed) and 8.9 pJ (dotted), respectively.
